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Abstract
Protein oxidation within cells exposed to oxidative free radicals has been reported to occur in an uninhibited manner with both hydroxyl and
peroxyl radicals. In contrast, THP-1 cells exposed to peroxyl radicals (ROO•) generated by thermo decomposition of the azo compound AAPH
showed a distinct lag phase of at least 6 h, during which time no protein oxidation or cell death was observed. Glutathione appears to be the source
of the lag phase as cellular levels were observed to rapidly decrease during this period. Removal of glutathione with buthionine sulfoxamine
eliminated the lag phase. At the end of the lag phase there was a rapid loss of cellular MTT reducing activity and the appearance of large numbers
of propidium iodide/annexin-V staining necrotic cells with only 10% of the cells appearing apoptotic (annexin-V staining only). Cytochrome c
was released into the cytoplasm after 12 h of incubation but no increase in caspase-3 activity was found at any time points. We propose that the
rapid loss of glutathione caused by the AAPH peroxyl radicals resulted in the loss of caspase activity and the initiation of protein oxidation. The
lack of caspase-3 activity appears to have caused the cells to undergo necrosis in response to protein oxidation and other cellular damage.
© 2007 Elsevier B.V. All rights reserved.Keywords: AAPH; THP-1; Macrophage; Protein-oxidation; Glutathione; Apoptosis; Cell-death; Caspase1. Introduction
Peroxyl radicals (ROOU) are generated during the oxidation
of both lipid and proteins to form hydroperoxides [1,2].
Atherosclerotic plaques are rich in breakdown products of
both lipid and protein hydroperoxides suggesting that in vivo
atherosclerotic plaques are sites of peroxyl radical formation
[3–5]. Neutrophil activation will also generate peroxyl radicals
through lipid and protein oxidation within sites of inflammation
[6,7].Abbreviations: AAPH, 2,2′-Azobis(amidinopropane) dihydrochloride;
BSO, buthionine sulfoximine; EBSS, Earle's balanced salt solution; HPLC,
high performance liquid chromatography; MBB, monobromobimane; MTT,
methylthiazolyldiphenyl-tetrazolium bromide; PBS, phosphate buffered saline
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doi:10.1016/j.bbamcr.2007.04.001In vitro studies have shown that in a number of cell types,
cellular proteins are the primary scavengers of peroxyl radicals
due to the high concentration of protein versus polyunsaturated
lipids in the plasma membrane [8,9]. Scavenging of peroxyl
radicals by cellular proteins results in significant levels of
protein hydroperoxide formation [9,10]. The protein hydroper-
oxides, though moderately stable, can react with ascorbate,
glutathione, form cross-links with DNA and inactivate caspases
[1,11,12]. Protein hydroperoxide decay generates protein
hydroxyl (alcohol) moieties and protein carbonyls [13] which
have been detected previously in atherosclerotic plaques [5].
In vitro, the thermolytic decay of 2,2′-azobis(amidinopro-
pane) dihydrochloride (AAPH) is a convenient way of gener-
ating a near continuous and controlled level of peroxyl radical
formation in solution. Increasing both the temperature of incu-
bation and the concentration of AAPH increases the peroxyl
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to the AAPH [15,16].
How the water soluble AAPH-peroxyl radicals external to
the cells cause cell death is uncertain. Lipid oxidation has been
reported in U937 cells treated with AAPH but only using an
indirect fluorescent probe method [17]. Our own studies failed
to find a correlation with TBARS formation (by HPLC) and cell
death in U937 cells [16].
Formation of significant levels of protein hydroperoxides on
live U937 cells exposed to AAPH [9] suggests the loss of key
regulatory proteins located in the plasma membranes may
trigger cellular death. Loss of plasma membrane Ca2+-ATPase
activity has been observed on purified rat synaptic plasma
membranes incubated with AAPH, suggesting loss of calcium
homeostasis may lead to the activation of death mechanisms
[18]. Changes in calcium concentration have been associated
with calpain [19] and caspase activation[20]. Caspase activation
has been reported in U937 cells with a lipophilic free radical
initiator, but is complicated by the use of incubation temper-
atures of 44 °C [21]. Inhibitors of caspase and lysosomal
cysteine proteases have reportedly blocked DNA fragmentation
in AAPH treated HL60 cells [22] suggesting both lysosomal
and mitochondrial involvement in caspase activation and cell
death. AAPH treatment of U937 cells also causes the loss of
cellular thiols and an associated increase in cellular protein
hydroperoxide levels [16].
Though THP-1 cells are similar to U937 cells in that they are
both monocyte-like human cell lines, we have reported marked
differences in their response to oxidised low density lipopro-
teins (oxLDL). THP-1 cells undergo classic apoptosis with
caspase-3 activation and phosphatidylserine exposure on the
plasma membrane when incubated with oxLDL [23]. In
contrast, U937 cells undergo necrosis with total loss of cellular
glutathione, no caspase activation, and cell swelling flowed by
lysis. Both cell lines appear equally sensitive to AAPH peroxyl
radicals but cellular glutathione levels were not as well main-
tained in the U937 cells compared to the THP-1 cells [24].
Glutathione loss has been linked with apoptosis and caspase
activation in a number of cell types including U937 cells [25–
27]. It has been suggested that the fall in glutathione levels
triggers mitochondrial oxidant production and cytochrome c
release which in turn causes caspase-9 activation via apopto-
some formation [28].
Glutathione and protein thiols readily react with peroxyl
radicals and protein hydroperoxides [1,29]. The maintenance of
cellular glutathione should therefore be an important factor
determining cellular resistance to AAPH peroxyl radicals. In
this study we examine whether consumption of the cellular
glutathione causes a rise in cellular protein oxidation with
caspase activation and cellular apoptosis.
2. Methods
All solutions were preparedwith high purity water from aNANOpure ultrapure
water system from Barnstead/Thermolyne (Iowa, USA). Chemicals and reagents
were AR grade or better and obtained from either the Sigma Chemical Company
(USA) or BDH Chemicals New Zealand Limited. Cell culture plasticware from
Nunc was supplied by Biolab New Zealand Ltd. 2,2′-Azobis(amidinopropane)dihydrochloride was also supplied by Sigma Chemical Company (USA). AAPH
stock solution (250 mM) was prepared on the day of use in Earle's balanced salt
solution (EBSS) media and sterilized by passage through a 0.22 μm syringe filter
and maintained at 4 °C until required. Non-adherent THP-1 cultures were
maintained in RPMI 1640 with 2 mM glutamine, 5% (v/v) heat-inactivated fetal
bovine serum, penicillin (100 IU/ml) and streptomycin (100μg/ml), in a humidified
atmosphere with 5% CO2 at a density of not more than 1×10
6/ml. For
experimentation, cells were washed twice in phosphate buffered saline (PBS)
before suspension at 0.5×106 cell/ml in EBSS. The PBS solution consisted of
160 mM sodium chloride, 10 mM sodium phosphate buffer pH 7.4.
Cell viability was determined using the MTT reduction or trypan blue
exclusion assays [30]. MTT reduction analysis was carried out using the method
of Mosmann et al. [31] but using 10%w/v sodium dodecyl sulphate (SDS, final
concentration) to lyse the cells and solubilise the insoluble MTT-formazan salt.
Phosphatidylserine exposure was determined by flow cytometry. THP-1
cells in EBSS were collected after incubation with 10 mM AAPH for the
indicated time periods. The cells were washed in PBS twice and once in binding
buffer before suspension in binding buffer containing annexin V and propidium
iodide (PI), as per the manufacturer's instructions (ApoAlert Annexin V-FITC
Apoptosis kit from BD Biosciences, USA). Following 15 min in the dark,
10,000 cells were analysed with a Becton Dickson FACSCalibur flow
cytometer. The cells were classified as viable, apoptotic or necrotic based on
regions drawn on the dot plots. Cells with low annexin V and PI fluorescence
were classified as viable, cells binding annexin V but excluding PI were
classified as apoptotic and double labelled cells were classified as secondary
necrotic (i.e. they underwent at least partial apoptosis followed by necrosis) [32].
Cytochrome c release was examined in cells incubated in EBSS for 12 h,
with and without 10 mM AAPH or 6% (v/v) ethanol. The cells were washed
twice in PBS then incubated for 10 min at 106 cells/ml in PBS containing
4% w/v paraformadehyde. The fixed cells (20 μl) were placed on a cover slip
subbed with aminoalkylsilane and allowed to dry at 40 °C for 30 min. The cell
covered coverslips were then incubated in methanol at −20 °C for 10 min before
washing twice in PBS containing 1% bovine serum albumin (BSA). Rabbit
antimouse polyclonal cytochrome c antibody (100 μl of 5 μg/ml; 1/40 dilution
in PBS of cs-7159 Antibody from Santa Cruz, USA) was added to each
coverslip and incubated for 1 h at room temperature before washing three times
with PBS containing 1% BSA. The secondary antibody of goat antirabbit IgG-
FITC (Oxford Biotechnology Cat #401002, UK) was added as 100 μl of a 1/200
dilution in PBS. After 1 h the coverslips were washed three times with PBS
containing 1% BSA. The coverslips were mounted on glass slides with a drop of
Vectashield mounting media (Vector Laboratories Inc., CA) and the edges sealed
with nail vanish and stored at 4 °C in the dark. Microscope slides were analysed
by confocal microscopy using a Leica TCS NT confocal microscope (Leica
Microsystems, Milton Keynes, UK) with a 63× immersion objective lens. This
technique depends on the increased access of the antibodies to cytosolic
compared to mitochondrial cytochrome c.
Cellular glutathione (GSH) was measured in THP-1 cells after washing
twice in PBS before derivatisation with monobromobimane (MMB). TheMMB-
GSH adduct was analysed by gradient reverse phase high performance liquid
chromatography (HPLC) with fluorescence detection [33]. Glutathione
concentration was calculated from comparison to peak area of known
concentrations of glutathione solutions, standardised using DTNB [34]. Total
thiol content was determined by washing cells in cold PBS, then lysing in 10%
SDS with 30 μM 5,5′-dithiobis (2-nitrobenzoic acid). After incubation at room
temperature for 30 min the absorbance at 412 nm was measured [34].
Caspase activity was determined by measuring the enzymatic cleavage of
DEVD-AMC (acetyl-asp-glu-val-asp-7-amido-4-methyl-coumarin) by fluoro-
metry at 37 °C [35]. Fluorescence units were converted to pmol of free AMC
using a standard curve generated with reagent AMC. Each analysis involved
pelleting 2×106 cells to which was added 100 μl of reaction buffer containing
100 mM HEPES pH 7.25, 10% sucrose, 0.1% CHAPS, 10–4% NP-40, 5 mM
DTT and 50μM DEVD-AMC. The cleavage of the peptide substrate was
monitored over 2 min by measuring the increase in fluorescence over time in a
heat-jacketed Varian Cary Eclipse fluorescence spectrophotometer at λex
370 nm and λem 445 nm at 37 °C.
Protein hydroperoxide concentration was determined by precipitation of
cellular proteins with trichloroacetic acid with hydroperoxide measurement
using the FOX assay [36] as modified by Gebicki [9,37]. Briefly, 3 ml of cells at
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water and the proteins precipitated with trichloroacetic acid and washed twice
with ice cold 5% (w/v) trichloroacetic acid before dissolving the cellular protein
in 900 μl of 25 mMH2SO4. 50 μl each of 5 mM ferrous ammonium sulphate and
xylenol orange in 25 mM H2SO4 were added and the mixture incubated at
room temperature for 30 min in the dark before centrifugation to remove cellular
debris. The absorbance was measured at 560 nm using water to zero the
spectrophotometer.
Protein carbonyl formation was determined by the 2,4-dinitrophenyl
hydrazine derivatisation method with spectrophotometric measurement of theFig. 1. Effect of AAPH on THP-1 cell viability and protein hydroperoxide formation.
absence (□) of 10 mM AAPH at 37 °C. At set time points cells were harvested and th
(A) and cellular protein hydroperoxide formation was measured by FOX analysis (B)
10 mM AAPH.ethanol/ethyl acetate washed guanidine hydrochloride solubilised proteins at
360 nm [38].
The data were analysed using the Prism software package supplied by
Graphpad Software Inc. Comparisons among treatments were performed using
one way analysis of variance (ANOVA). When significance was observed
(p≤0.05), Tukey's multiple comparison test was performed to determine which
means differed from the control by a significant margin. All results are expressed
as the mean±SD of triplicate treatments. Results shown are from single
experiments, representative of a minimum of three. Where appropriate on
figures significance is indicated as ***p≤0.001; **p≤0.01, *p≤0.05.THP-1 cells at 0.5×106 cells/ml in EBSS were incubated in the presence (■) and
e ability of the cells to reduce MTTwas determined as a measure of cell viability
. Morphological changes in cell appearance after (C) 0 h, (D) 6 h and (E) 24 h in
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Incubation of THP-1 cells in serum-free EBSS with 10 mM
AAPH caused a time-dependent decrease in cell viability with
a complete loss of MTT reduction by 24 h (Fig. 1A). The loss
of MTT activity did not start till after a 6-h lag period afterFig. 2. AAPH induces necrosis and apoptosis in THP-1 cells. THP-1 cells at 0.5×106
with 10 mM AAPH. The cells were collected and washed in PBS before staining wi
displayed as the mean and standard error of triplicate incubations for each cell clas
necrotic based on regions drawn on the dot plots. Cells with low annexin V-FITC an
FITC but excluding PI were classified as apoptotic (checked bars) and double labell
(black bars).which there was a rapid loss of cell viability. During the first
6 h of incubation there was little change in the cell mor-
phology (Fig. 1C and D) but at 24 h there were many cells
showing distinct bleb formation (Fig. 1E). No significant loss
of viability was observed in the absence of AAPH in the
serum-free EBSS./ml in EBSS were incubated for (A) 0 h, (B) 6 h, (C) 11 h, (D) 16 h and (E) 24 h
th annexin V-FITC and propidium iodide (PI). (F) The actual number of cells is
sification and time. The cells were classified as viable, apoptotic or secondary
d PI fluorescence were classified as viable (clear bars), cells binding annexin V-
ed cells and cells showing only increased PI binding were classified as necrotic
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high levels of protein hydroperoxide formed by 18 and 24 h
(Fig. 1B). A similar lag phase in protein oxidation kinetics was
also observed when THP-1 protein carbonyls were measured
during AAPH incubation (Fig. 6B, open squares). Protein
hydroperoxides decay is a significant source of protein
carbonyls [39]. The kinetics of protein oxidation in the THP-1
cells is very different to what we previously reported with the
related monocyte-like U937 cells line, where no lag phase in
protein oxidation was observed [9].
Flow cytometry analysis also showed a lag phase of 6 h
where little or no increase in PI or annexin-V staining was
observed (Fig. 2A–B). This completely changed by 11 h when
about half the cells appeared to have undergone secondary
necrosis (i.e. apoptosis followed by necrosis), showing PI and
annexin V co-staining (Fig. 2C). A low percentage of the cells
appeared to under go necrosis directly without first entering
apoptosis (upper left-hand rectangle). Ten percent of the cells
appeared apoptotic with only annexin V staining cells (lower
right quadrant). This population of apoptotic cells had
decreased to 5% by 16 h when the necrotic population had
grown to 88% with few normal cells remaining (Fig. 2D). This
apoptotic population remained at 5% at the end of the 24 h with
the rest of the cells appearing necrotic with PI and annexin V co-
staining (Fig. 2E–F). This pattern suggested to us that the
majority of the cells were entering apoptosis but then became
rapidly necrotic due to a failure in the completion of apoptosis.
This hypothesis was supported by the finding that AAPH
treatment did not cause caspase-3 activation (Fig. 3). Caspase-3
is an effector caspase involved in activation of a large number of
apoptotic processes within the cells. Treatment of THP-1 cells
with 6% (v/v) ethanol causes the activation of caspase-3 activity
giving 1.5 pmol/min of AMC cleavage (data not shown), yet
with AAPH treatment the activity never rose above 0.3 pmol/
min of AMC cleavage, nor was the activity ever significantly
higher than the control values.Fig. 3. Caspase 3 is not activated by AAPH treatment. THP-1 cells (1×106 cells/
ml; 2 ml/well) in EBSS were incubated in the presence (▪) and absence (□) of10 mM AAPH at 37 °C. At set time points, cells were harvested and caspase-3
activity determined by measuring the rate of cleavage of the artificial substrate
DEVD-AMC by fluorometry.THP-1 cells do express caspase-3, which can be activated by
many factors, including oxidised low density lipoprotein and
tert-butylhydroperoxide [23,40]. Caspase-3 is usually activated
by caspase-9 which is dependent on cytochrome c release from
the mitochondria for activation though it can be activated by
caspase-8 via plasma membrane receptors. Immuno-histochem-
ical staining confirmed the release of cytochrome c into the
cytosol after 12 h of incubation (Fig. 4). Little staining can be
seen in the cells in the absence of AAPH but after 12 h with
AAPH the cytoplasm is strongly fluorescent with antibody
staining of cytochrome c.
Caspase-3 has been reported to have an oxidation sensitive
free thiol group within the active site [35], suggesting changes
in intracellular redox status within the cell could lead to thiol
inactivation. Measurement of total cellular thiols with DTNB
showed AAPH caused a large loss in cellular thiols after 9 h
with 75% of the total cellular thiols lost by 24 h (Fig. 5A).
Cellular thiols in the untreated cells appeared to increase
slightly over the first 9 h of incubation, possibly as a stress
response to being in the nutrient poor EBSS media. A more
detailed study measuring glutathione by HPLC showed rapidly
decreasing glutathione levels in the presence of AAPH with no
apparent lag phase (Fig. 5B). By 9 h, 65% of the total cellular
glutathione had been lost from the cell. Loss of intracellular
thiols may have caused caspase inactivation or increased the
caspase susceptibility to oxidants generated by the AAPH
peroxyl radicals. As expected, glutathione loss preceded total
thiol loss (which includes protein thiols) as measured by the
DTNB assay (Fig. 5A).
Treatment of the THP-1 cells with 200 μM buthionine
sulfoximine (BSO) for 24 h caused a 89% reduction in intra-
cellular glutathione concentration without significant loss in cell
viability (data not shown). Incubation of the glutathione-
depleted cells with AAPH resulted in rapid loss of cell viability
without any apparent lag phase (Fig. 6A). At the 6-h time point,
cell viability was reduced in the presence of AAPH by 20% in
cells pretreated with BSO in comparison to cells not pretreated
with BSO. However, after 18 h in the AAPH there was no
difference in cell viability between the BSO pretreated and
untreated cells. Treatment of the THP-1 cells with N-acetyl-
cysteine failed to increase the intracellular glutathione levels
(data not shown).
The low levels of cellular glutathione from the BSO treat-
ment also seemed to remove the protein oxidation lag phase
(Fig. 6B). In non-BSO treated cells, protein carbonyl formation
(Fig. 6B) showed similar kinetics to that observed with protein
hydroperoxide formation (Fig. 1B) in that a lag of at least 8 h
was observed. BSO pretreatment of the cells removed this lag
phase with protein carbonyls detected in significant quantities
by 8 h.
4. Discussion
AAPH is a water-soluble thermolabile radical generator
which breaks down at a continuous rate rather than generating a
sudden bolus of oxidant such as with HOCl or hydrogen
peroxide. The peroxyl radicals are generated at a near constant
Fig. 4. AAPH exposure causes the release of mitochondrial cytochrome c into the cytosol. THP-1 cells at 0.5×106 cells/ml were incubated in EBSS in the absence (A)
and the presence (B and C) of 10 mM AAPH at 37 °C for 12 h. As a positive control (D) THP-1 cells were incubated with 6% (v/v) ethanol in EBSS for 12 h. After
incubation with AAPH, the cells were washed, fixed to glass coverslips and probed with rabbit antimouse polyclonal cytochrome c antibody followed by a goat
antirabbit IgG-FITC antibody. The cells were visualized by confocal microscopy.
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reported that this continuous flux of peroxyl radicals results in a
steady level of protein hydroperoxide formation in U937 cells,
with no apparent lag phase [9,41]. Viability studies also
indicated that protein hydroperoxides were being generated on
live viable U937 cells during incubation. In contrast, we report
here that protein hydroperoxide and carbonyl formation is
significantly delayed on THP-1 cells treated with AAPH (Figs.
1and 6). The majority of the cellular glutathione is lost during
the lag phase of the protein oxidation (Fig. 5B). It is only after
the loss of much of the intracellular glutathione that substantial
protein hydroperoxides are detected, intracellular thiols are lost
(Fig. 5A) and the THP-1 cells metabolism begins to fail with the
loss of MTT reducing ability (Fig. 1A). The finding that protein
oxidation is initially suppressed in THP-1 cells suggests that
U937 cells may have a short protein oxidation lag phase which
was not apparent in our previous studies [9].
The THP-1 cell glutathione consumption appears to be due to
oxidant scavenging but a number of potential mechanisms arepossible. Glutathione does react directly with both protein hydro-
peroxides and AAPH-peroxyl radicals so may be providing
direct protection to the cells [1,29]. However the glutathione is
intracellular while the majority of the AAPH peroxyl radicals are
extracellular. Glutathione has been observed being expelled
from cells as a mechanism to initiate apoptosis [25], but due to
the reactivity of the AAPH, we were unable to detect extra-
cellular glutathione. THP-1 cells have also been shown to reduce
protein hydroperoxides presented to cells as peptides via a
mechanism involving the transfer of electrons from an
intracellular reductant, possibly ascorbate, to the extracellular
hydroperoxides [42]. Glutathione may be able to function in this
process as the electron donating reductant but it can also react
with dehydroascorbate to regenerate ascorbate [43]. Glutathione
has also been reported to be consumed by endogenous pro-
duction of reactive oxygen species during AAPH treatment of
U937 cells [17].
With THP-1 cells, the glutathione loss is very rapid (Fig. 5B),
suggesting some form of direct involvement with the AAPH
Fig. 5. Intracellular thiols are lost from THP-1 cells during incubation with
AAPH. THP-1 cells at 0.5×106 cells/ml were incubated in EBSS in the presence
(▪) or absence (□) of 10 mMAAPH at 37 °C. At indicated time points, sampleswere taken for (A) DTNB analysis of total thiols or (B) glutathione measurement
by MBB derivatisation and HPLC analysis.
Fig. 6. Loss of intracellular glutathione alters the rate of AAPH induced loss of
THP-1 cell viability and protein carbonyl formation. THP-1 cells were incubated
in RPMI-1640 with 10% (v/v) HI-FCS in the absence (□) or presence (▪) of200 μM BSO for 24 h. After washing in PBS cells were aliquoted into wells at
0.5×106 cells/ml in EBSS containing 10 mM AAPH and incubated at 37 °C. At
set time points, cells were assayed for (A) MTT reduction activity and (B)
protein carbonyl formation. MTT data are expressed as a percentage viability of
non-BSO treated cells at zero time.
951M. Kappler et al. / Biochimica et Biophysica Acta 1773 (2007) 945–953peroxyl radicals or protein hydroperoxides. A major breakdown
product of protein hydroperoxides is protein carbonyls [44], yet
with non-BSO treated cells, no significant rise in protein
carbonyls was seen in the first 6 h (Fig. 6). This suggests that
glutathione loss was via a mechanism which either prevented
protein hydroperoxide formation directly by scavenging the
AAPH peroxyl radicals, or inhibited a radical-mediated chain
reaction that was able to accelerate the rate of protein hydro-
peroxide formation. In theory, both glutathione efflux and trans-
plasma membrane electron transport could potentially scavenge
the AAPH peroxyl radicals to prevent protein oxidation.
Glutathione regeneration from GSSG requires sufficient
levels of NADPH to be generated within the cell via the pentose
phosphate pathway. In our experimental system it would appear
that the rate of this regeneration was exceeded by the AAPH
peroxyl radical generation rate.
The loss of glutathione appeared to allow protein oxidation,
the loss of total cellular thiols and the failure of the cells'
metabolic capability (MTT reduction). We were unable to showthe reverse situation where increasing the cellular glutathione
levels gave an extended lag phase of protection due to failure to
load the THP-1 cells with N-acetylcysteine. However other
studies with U937 cells have shown increased resistance to
AAPH and tert-butylhydroperoxide after N-acetylcysteine treat-
ment [17].
It was surprising that removal of the cellular glutathione with
BSO only caused a small (20%) increase in the loss of MTT
reducing ability at 6 h (Fig. 6). This either reflects the time
required for other metabolic systems to fail and cell death to be
initiated within the cell, or that the majority of protein damage
occurring is to membrane proteins not critical to the metabolism
of the cell. Peroxyl radicals have a much lower reactivity than
hydroxyl radicals and therefore different protein structures react
with them at different rates. The loss of calcium homeostasis seen
with AAPH treatment of rat neuronal cells has been attributed to
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membranes [18]. Similar selective damage to various receptors
and enzymes may also be occurring during AAPH-mediated
damage to the THP-1 cells. Though the difference in cell viability
loss between BSO-treated and untreated cells was only 20%, and
this difference had disappeared by 18 h, the data suggest that
intracellular glutathione provides significant protection to THP-1
cells against aqueous peroxyl radicals.
The loss of glutathione itself was not enough to trigger cell
death as the THP-1 cells maintained their viability following
treatment with BSO. THP-1 loss of glutathione caused by the
iron chelator deferoxamine has also been reported not to trigger
cell death in THP-1 cells [45]. This suggests that in THP-1 cells,
cell death is triggered by oxidative damage to cellular molecules
other than glutathione, such as Ca2+-ATPase in the plasma
membrane.
When the glutathione levels no longer provide protection
against oxidative damage, the type of cellular death that is
triggered appears to begin as apoptosis but then turns into
secondary necrosis. The flow cytometry data clearly shows a
group of cells entering apoptosis with PS exposure (annexin-V
staining) (Fig. 2). These cells then appear to go on to secondary
necrosis. Phase contrast microscopy showed THP-1 cells
displaying gross morphological damage to the cell membranes,
including blebbing which is characteristic of apoptosis (Fig.
1C–E). No significant rise in caspase activity is detected. Yet
cytochrome c is present in the cytosol by 12 h (Fig. 4) meaning
apoptosome formation and caspase-9 activation should have
occurred. Active caspase-9 will normally activate caspase-3.
THP-1 cells have previously been reported to undergo apoptosis
when treated with etoposide, DNA topoisomerase II inhibitor or
treatment cycloheximide plus chloro-methyl ketone treatment
[46]. The addition of cytochrome c to THP-1 cell homogenates
has been reported to rapidly lead to caspase-3 activation through
apoptosome formation and caspase-9 activation [47]. The same
mechanism is also reported with U937 cells after inhibition of
protein kinase c [48]. In all these cases, caspase-3 appears to
have been activated but with AAPH peroxyl radicals, THP-1
cells fail to have any caspase-3 activity.
Caspases activity requires the present of a free thiol residue
within the active site of the enzyme. The active thiol groups are
prone to oxidation in the presence of oxidants such as hydrogen
peroxide resulting in caspase inactivation [35,49]. The loss of
the THP-1 intracellular glutathione would make caspase thiols
prone to oxidation and activity loss. The glutathione loss would
also increase the level of intracellular oxidants [50], which
would cause caspase thiol oxidation and inactivation. Protein
hydroperoxides can directly inactivate caspases though this
would only occur in our experimental system if reactive protein
hydroperoxides were entering the cytoplasm or being generated
with the cell [12].
The lack of caspase-3 activity in THP-1 cells may possibly
affect the mechanisms of cell death, giving a mechanism similar
to one we proposed during U937 cell exposure to oxLDL
[23,24]. Caspase-independent cell death has been reported in a
number of different cell types[51] but to our knowledge this is
the first report of caspase-3 independent cell death in THP-1cells. Other cell types have been shown to undergo apoptosis
involving the activation of lysosomal enzymes [19,52] but here
we have THP-1 cells undergoing what appears to be a rapid
transition from apoptosis to secondary necrosis, possibly due to
the lack of caspase-3 activity.
In summary, THP-1 cells appear to inhibit peroxyl radical
mediated cellular damage at the expense of intracellular
glutathione. The loss of glutathione results in protein oxidation
and loss of cell viability. Cellular damage triggers mitochondrial
release of cytochrome c into the cytoplasm but caspase-3 is not
activated, possibly explaining a rapid transition from apoptosis
to secondary necrosis. The caspase enzymes are likely to be
inactivated as a result of the oxidation of key thiol residues
within the active site.
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